Recently, scalp hair loss has been increasing even in young people, seriously affecting individual\'s quality of life. Although baldness is not one of the health problems, it may cause profound psychologically-uncomfortable social stress. Therefore, it is of great interest to develop novel preventive and/or therapeutic materials for hair loss and regrowth. In spite of the billion-dollar market, there are a few currently-effective products available \[[@B1]\].

Hair follicles remodel themselves during cycling periods of growth (anagen), regression (catagen), resting (telogen), and shedding (exogen) \[[@B2]\]. During catagen, lots of the follicular cells undergoes programmed cell death (apoptosis) \[[@B3]\], reducing the follicle size as the follicles enter telogen. Activation of rarely-cycling epithelial stem cells located in the bulge region of the follicles renders follicular regeneration at the onset of the next anagen phase \[[@B4]\]. Stem cell progeny forms a new follicular matrix during early anagen, and the hair shaft and inner root sheath are derived from these relatively-undifferentiated matrix cells \[[@B5]\]. It is well known that the size of the hair follicle and the duration of anagen phase govern the size (diameter) and length of the hair shaft, respectively. This cyclic growth of hair is regulated by diverse growth factors.

Minoxidil, finasteride, and propecia are commercially available to slow hair loss and to facilitate hair regrowth. Minoxidil as a vasodilator exerted a side-effect to facilitate hair growth \[[@B6]\] which may be due to its nutrient-supplying and potassium channel-opening activities \[[@B7],[@B8]\]. Minoxidil is effective for androgenic alopecia, among other baldness treatments, although its effectiveness disappears within months after discontinuation of treatment. By comparison, finasteride and propecia, therapeutics of benign prostatic hyperplasia and prostate cancer, have been registered in many countries for androgenetic alopecia (male-pattern baldness). Finasteride and propecia are synthetic anti-androgens, inhibiting type II 5-α reductase, an enzyme that converts testosterone to dihydrotestosterone (DHT) in the papilla cells at the bottom of the hair follicles \[[@B9]\].

*Laminaria japonica*, *Undaria pinnatifida*, and *Cladosiphon okamuranus*, widely distributed in many countries, have been used as therapeutics in Oriental medicine for a long period. In previous studies, fucoidan, a sulfate polysaccharide complex, had been extracted and identified from the seaweeds, and confirmed to possess anti-oxidative, anti-coagulative, anti-cancer, and anti-inflammatory activities \[[@B10],[@B11]\]. Thereafter, beneficial effects of fucoidan on inflammatory diseases, ischemia, immune dysfunction, and tumors have been demonstrated \[[@B12],[@B13]\]. On the other hand, *Cistanche tubulosa* extract (CTE) has also been widely used for traditional medication in China. CTE improves blood flow by lowering blood cholesterol level \[[@B14]\]. Recently, it was reported that CTE decreased the production of tumor-necrosis factor-α (TNF-α) and interleukin-4 (IL-4) that are major factors for nitric oxide (NO) production in inflammatory pathway \[[@B15]\]. We also demonstrated that fucoidan from *Laminaria japonica* extract (LJE) and CTE synergistically attenuated inflammation *in vitro* and *in vivo* \[[@B16]\]. Notably, it has been demonstrated that there was a close association of skin (especially lacrimal gland) inflammation with alopecia \[[@B17]\]. Thus, anti-inflammatory aspects of alopecia treatment are emerging \[[@B18]\].

Based on the improving activities on blood flow and inflammation, we investigate the combinational efficacy of LJE and CTE on hair growth and underlying mechanism(s), in comparison with 3% Minoxidil (Hyundai Pharmaceutical, Seoul, Korea), a well-known hair growth enhancer.

Materials and Methods
=====================

Materials
---------

LJE and CTE were obtained from Misuba RTech Co., Ltd. (Asan, Korea). Dried powder of *Laminaria japonica* was extracted in purified water at 60℃ for 24 hours, filtered through an 0.45 µm membrane, disinfected, and spray-dried. *Cistanche tubulosa* was extracted in 80% ethanol, disinfected, concentrated, and dried. LJE and CTE were kept at 4℃, mixed (1:3) and dissolved in purified water before use, and orally administered in a volume of 5 mL/kg.

Animals
-------

Male C57BL/6 mice for hair growth study and male ICR mice for inflammation study were purchased from the Daehan Biolink (Eumseong, Korea), and housed in a room with constant environmental conditions (23±2℃; 45-65% relative humidity; 12-hour light-dark cycle; 150-300 lux brightness). Pellet feed and purified water were available *ad libitum*. All the animal experiments were approved by the Institutional Animal Care and Use Committee (IACUC) of Chungbuk National University (CBNU), Korea, and conducted according to the Standard Operation Procedures (SOP) of the Laboratory Animal Research Center, CBNU.

Treatment for hair growth
-------------------------

After confirming anagen phase by observing homogeneously-pink skin color in the back skin of C57BL/6 mice (6 weeks old, n=8/group) after clipping in telogen phase, the hair was shaved \[1,19,20\]. From the next day, mice without visible scratches were selected, and orally treated with LJE (18 or 54 mg/kg), CTE (54 or 162 mg/kg), or their mixture (18+54 or 54+162 mg/kg) once a day for 21 days. Low doses of LJE (18 mg/kg) and CTE (54 mg/kg) were from estimated human doses of 100 mg/body (70 kg) and 300 mg/body after surface area translation of body weight (Km=37 for human/Km=3 for mouse), respectively. High doses of LJE and CTE were set at 3 folds, alone or in combination, to assess maximum synergistic effects \[[@B16]\]. Minoxidil (3%, 0.2 mL) was topically applied once a day on the shaved skin in the same schedule with LJE/CTE treatment.

Gross observation of hair growth
--------------------------------

On days at 3-day intervals after shaving and during treatment, the mice were lightly anesthetized with diethyl ether and photographs were taken on their back sides. The ratio of hair regrowth (regrown area/shaved area) on the photographs was analyzed using a computerized image analysis system (Imageinside, Daejeon, Korea).

Microscopic examination of hair follicles
-----------------------------------------

On days 14 and 21, the mice were sacrificed by deep anesthesia with diethyl ether, and their dorsal skins were removed \[[@B1]\]. The dorsal skin was cut into two parts. Formalin-fixed, paraffin-embedded tissue sections (5 µm in diameter) of one part were stained with hematoxylin-eosin to examine the number of hair follicles and the histological findings. The other part of the tissue was frozen in liquid nitrogen for enzyme assay and immunoassay.

Assay of enzyme activity
------------------------

Skin tissue was homogenized in 4 volumes of phosphate buffer (pH 7.4). The homogenate was centrifuged at 3,000 rpm for 20 min, and the supernatant was used for assay of γ-glutamyl transpeptidase (γ-GTP) and alkaline phosphatase (ALP) activities using p-nitrophenol phosphate (PNPP)-DEAV as substrate \[[@B1],[@B21]\].

Quantification of growth factors
--------------------------------

Epidermal growth factor (EGF) and vascular endothelial growth factor (VEGF) were quantified using enzyme-linked immunosorbent assay (ELISA) kits (R&D Systems, Minneapolis, USA) according to the manufacturer\'s instructions \[[@B1],[@B22]\].

Treatment for inflammation
--------------------------

ICR mice (7 weeks old, n=8/group) were orally treated with LJE (18 or 54 mg/kg), CTE (54 or 162 mg/kg), or their mixture (18+54 or 54+162 mg/kg) once a day for 7 days \[[@B16]\]. On the 1st day of LJE and CTE treatment, the mice were subcutaneously injected with 10 mL of sterile air into the back side to form a pouch \[[@B16],[@B23],[@B24]\]. After 2 and 5 days, the pouch was re-injected with 5 mL of air. One hour after the final LJE and CTE treatment, 1 mL of carrageenan (1% in saline; Sigma-Aldrich, St. Louis, USA) or its vehicle (saline) was injected into the pouch.

Analysis of the exudates
------------------------

The air pouch was washed with 1 mL of cold saline 6 hours after carrageenan injection, and the net volume of lavage fluid was recorded \[[@B16]\]. Total numbers of inflammatory cells including neutrophils, monocytes, and lymphocytes were determined using a coulter counter. The concentrations of NO and prostaglandin E~2~ (PGE~2~) were determined by Griess reagent (Sigma-Aldrich) and enzyme immunoassay (EIA) using a Correlate-EIA kit (Assay Designs, Ann Arbor, USA), respectively \[[@B16]\].

Statistical analysis
--------------------

Data are presented as mean±standard error. The statistical significance was determined by one-way analysis of variance, followed by post-hoc Tukey\'s multiple-comparison test. *P*-values\<0.05 were considered to be statistically significant.

Results
=======

Application of Minoxidil (3%), a reference material, markedly facilitated the hair growth of C57BL/6 mice, exhibiting a near-full coverage (92.4%) of the shaved area ([Figures 1](#F1){ref-type="fig"}, [2B](#F2){ref-type="fig"}) compared to the 29.2% in normal growth ([Figures 1](#F1){ref-type="fig"}, [2A](#F2){ref-type="fig"}) on day 21. Although less effective than Minoxidil application, oral treatment of LJE also facilitated the hair growth, leading to 33.5 and 69.1% coverage at 18 and 54 mg/kg, respectively ([Figures 1](#F1){ref-type="fig"}, [2C, 2D](#F2){ref-type="fig"}). CTE was also effective in enhancing the hair growth, reaching 73.6 and 80.4% coverage at 54 and 162 mg/kg, respectively ([Figures 1](#F1){ref-type="fig"}, [2E, 2F](#F2){ref-type="fig"}). Notably, combinational therapy with high doses of LJE (54 mg/kg) and CTE (162 mg/kg) remarkably enhanced the hair growth from day 12, comparable to the effect of Minoxidil ([Figures 1](#F1){ref-type="fig"}, [2H](#F2){ref-type="fig"}), although low doses of LJE (18 mg/kg) and CTE (54 mg/kg) exert a synergistic effect only at early phase ([Figures 1](#F1){ref-type="fig"}, [2G](#F2){ref-type="fig"}).

Compared to normal hair follicles ([Figure 3A](#F3){ref-type="fig"}), Minoxidil application improved the integrity of hair follicles, showing bigger follicles and thicker hair shafts ([Figure 3B](#F3){ref-type="fig"}). Such effects were also found in the skins of mice treated with LJE and/or CTE ([Figures 3C-3H](#F3){ref-type="fig"}). Especially, the hair follicle-strengthening efficacy of combinational treatment of LJE and CTE was comparable to that of Minoxidil.

Minoxidil application increased the activity of γ-GTP that induces hair follicles to anagen phase by 90-120% on days 14 and 21, compared to the level of normal skin ([Figure 4](#F4){ref-type="fig"}). LJE (54 mg/kg) also enhanced the enzyme activity, although there were high variations. CTE exerted similar effects, significantly enhancing the γ-GTP activity on day 14. Interestingly, combinational treatment of LJE and CTE further increased the enzyme activity higher than that when the extracts were used alone.

ALP activity, a marker of bone growth and angiogenesis, significantly increased in the skin on days 14 and 21 following topical application of Minoxidil ([Figure 5](#F5){ref-type="fig"}). LJE and CTE also increased the ALP activity after oral administration in a dose-dependent manner. Notably, the enzyme activity was synergistically enhanced by combinational treatment with LJE and CTE.

In the analysis of EGF, a well-known hair growth factor, Minoxidil application enhanced the level of EGF 3.5 folds of normal control on both days 14 and 21 ([Figure 6](#F6){ref-type="fig"}). LJE (18 mg/kg) increased EGF only on day 21, while CTE (162 mg/kg) greatly up-regulated its production on days 14 and 21. It is of interest to note that the combinational treatment of LJE and CTE even at low doses exhibited marked synergistic effects.

Minoxidil treatment also increased the level of VEGF by 50-80% above the control value ([Figure 7](#F7){ref-type="fig"}). Although LJE was ineffective, CTE exerted remarkable enhancing effects. In addition, combinational therapy of LJE and CTE displayed a synergistic activity at early phase on day 14.

Injection of carrageenan into ICR mouse air pouch increased the exudate volume within the pouch 6 times the control level ([Table 1](#T1){ref-type="table"}). Such increased exudation was significantly attenuated by treatment with LJE (18 and 54 mg/kg) or CTE (54 and 162 mg/kg). Notably, combinational treatment with LJE and CTE further decreased the exudate volume, compared to the individual effects. The number of inflammatory cells was drastically increased by carrageenan injection: 34.6, 4.2, and 24.9 folds control levels for neutrophils, monocytes, and lymphocytes, respectively ([Table 1](#T1){ref-type="table"}). However, LJE and CTE significantly reduced the inflammatory cells in dose-dependent manners, in which LJE was somewhat superior to CTE. Expectedly, synergistic effects in the inflammatory cell infiltration were attained by co-administration of LJE and CTE.

In parallel with the inflammatory cell infiltration in the pouch, NO and PGE~2~ contents in the pouch also drastically increased following carrageenan injection ([Table 1](#T1){ref-type="table"}). In comparison with the mild effect of LJE, CTE markedly lowered the NO concentration. Combinational treatment of LJE and CTE further decreased the NO level in a dose-dependent manner. In a similar manner, the increased PGE~2~ level was synergistically suppressed by the combinational therapy of LJE and CTE ([Table 1](#T1){ref-type="table"}).

Discussion
==========

Human head has an average of 100,000 hair follicles. During lifetime, each follicle grows and sheds about 20 times, showing daily hair loss of 100 strands \[[@B25]\]. Hair loss including alopecia and baldness is a distressing condition for men and women especially in modern society. Therefore, it is of great importance to develop new therapies that prevent hair loss and enhance hair regrowth. In this respect, alternative medicine has attracted investigators\' interest.

Aging-related morphological, histochemical, and biochemical aspects of male-pattern baldness have been revealed by a series of studies on stump-tailed macaques. In the male-pattern baldness, telogen phase was prolonged, while anagen phase shortened. Thus, it is considered that for improvement of hair loss, maintenance of hair follicle elongation that occurs from early anagen to mid anagen is very important \[[@B26]\]. In the present study, we demonstrated the hair growth-facilitating activity of a combinational treatment LJE and CTE. Most importantly, the combinational prescription of LJE (54 mg/kg) and CTE (162mg/kg) exhibited an excellent hair regrowth activity, in spite of oral administration of the extracts. Notably, the effect of combinational therapy was comparable to that of dermal application of a high concentration (3%) of a purified compound Minoxidil, although the concentrations of active ingredients of LJE and CTE in the skin after oral administration were not confirmed.

In the cycling mouse skin, γ-GTP activity is pronounced during anagen, but greatly diminished during telogen \[[@B27]\]. In the skin, the enzyme exists exclusively in the outer and inner root sheaths of hair follicles below the level of the sebaceous glands in which γ-GTP is absent \[[@B27]\]. By comparison, ALP is prominently expressed in the pilosebaceous units, and the activity increases in the area of hair regrowth. ALP as an angiogenic factor improves nutritional supply to dermal papillae, and thereby induces thickness during anagen \[[@B28]\]. However, it was confirmed that the ALP activity decreased in the alopecic skin \[[@B21]\]. In the mechanistic study, the reference compound Minoxidil markedly enhanced the activity of γ-GTP and ALP, implying that Minoxidil facilitates hair growth not only by inducing hair follicles to anagen phase, but also by improving blood flow via angiogenesis. Since LJE increased ALP activity, it is proposed that LJE exhibits a beneficial effect on the hair growth through its angiogenic potential, as inferred from a previous study that fucoidan, an active ingredient of LJE, has a blood flow-improving activity \[[@B29]\]. By comparison, CTE enhanced both the γ-GTP and ALP activities, suggestive of its effects on the anagen phase induction as well as blood flow improvement. According to the synergistic actions on γ-GTP and ALP enzymes, it is believed that a higher hair regrowth may be attained by co-administration of LJE and CTE.

It is well known that diverse cytokines and growth factors including EGF and VEGF are involved in the regulation of hair morphogenesis and growth \[[@B30],[@B31]\]. It is of interest to note that dermal papilla cell-derived factors have chemotactic activities on the surrounding cells, which lead, in turn, to promotion of hair growth \[[@B32]\]. EGF is expressed in association with the development of hair follicles \[[@B33],[@B34]\]. Although the expression of both EGF and its receptor (EGFR) in the outer root sheath is down-regulated with the completion of follicular growth, there expression recovers when the follicular cells enter the anagen phase. VEGF plays an important role involved in the angiogenesis during inflammatory reaction and tumor development \[[@B35]\]. Especially, the vascular network is closely associated with the hair growth cycle \[[@B36],[@B37],[@B38]\]. Therefore, it was confirmed that the gene expression of VEGF vary according to the human hair cycle \[[@B39]\].

From the results in the present study, it is explained that the hair growth-promoting effect of Minoxidil may be due to its potentials up-regulating EGF and VEGF that facilitate the follicle growth as well as angiogenesis. Although LJE did not affect VEGF expression, it increased EGF content in the skin after oral administration. By comparison, CTE was effective in the expression of both EGF and VEGF. Notably, LJE and CTE exerted additive effects on the expression of the growth factors.

In addition to the elongation of hairs, the integrity of hair follicles were remarkably improved following treatment with Minoxidil, LJE and/or CTE in the microscopic examination. In early phase of hair loss and baldness in human patients and animal models, the integrity of follicles was impaired and the thickness of hair shaft was reduced, whereas the follicular integrity and shaft thickness recovered in regenerating hairs. Interestingly, such positive effects on the integrity and regrowth of hair components were achieved with oral administration of LJE plus CTE, in which the effect was comparable to that of topical application of a high concentration of Minoxidil. Therefore, it is expected that the combination for oral intake of LJE plus CTE could be a prescription relatively convenient compared to the dermal use of Minoxidil.

In mouse alopecia model, steroid-sensitive lymphocyte infiltration around the hair follicles is common, exhibiting a pattern similar to the immunotherapy of human alopecia with lacrimal gland inflammation \[[@B17],[@B40]\]. In the present study, carrageenan-induced skin inflammation was markedly attenuated by LJE and CTE treatment; i.e., the vascular exudation and inflammatory cell infiltration were synergistically suppressed. In quantitative analysis, major inflammatory mediators NO and PGE~2~ were substantially controlled following oral co-administration of LJE and CTE. Interestingly, since LJE displayed anti-inflammatory activity higher than that of semi-purified fucoidan \[[@B16]\], it is assumed that there may be additional active ingredient(s), besides fucoidan, in the LJE.

Taken together, the results indicate that combinational oral treatment with LJE and CTE improves hair loss by up-regulating growth factors and related enzyme activities and in part via anti-inflammatory potential. Therefore, it is suggested that a combination including LJE and CTE in appropriate clinical doses and ratios could be a candidate recipe for hair loss patients.
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![Time-course of hair regrowth of mice treated with Minoxidil, or *Laminaria japonica* extract (LJE) and/or *Cistanche tubulosa* extract (CTE). ○, normal; •, Minoxidil (3%) application; ▵, 18 mg/kg LJE; ▾, 54 mg/kg LJE; □, 54 mg/kg CTE; ▪, 162 mg/kg CTE; ◇, 18 mg/kg LJE + 54 mg/kg CTE; ♦, 54 mg/kg LJE + 162 mg/kg CTE.](lar-31-24-g001){#F1}

![Representative gross findings of hair regrowth of mice treated with Minoxidil, or *Laminaria japonica* extract (LJE) and/or *Cistanche tubulosa* extract (CTE) on day 21. A, normal; B, Minoxidil (3%) application; C, 18 mg/kg LJE; D, 54 mg/kg LJE; E, 54 mg/kg CTE; F, 162 mg/kg CTE; G, 18 mg/kg LJE+54 mg/kg CTE; H, 54 mg/kg LJE+162 mg/kg CTE.](lar-31-24-g002){#F2}

![Representative microscopic findings of hair regrowth of mice treated with Minoxidil, or *Laminaria japonica* extract (LJE) and/or *Cistanche tubulosa* extract (CTE) on day 21. A, normal; B, Minoxidil (3%) application; C, 18 mg/kg LJE; D, 54 mg/kg LJE; E, 54 mg/kg CTE; F, 162 mg/kg CTE; G, 18 mg/kg LJE+54 mg/kg CTE; H, 54 mg/kg LJE+162 mg/kg CTE.](lar-31-24-g003){#F3}

![Effects of Minoxidil (MXD, 3%), or *Laminaria japonica* extract (LJE) and/or *Cistanche tubulosa* extract (CTE) (in mg/kg) on γ-glutamyl transpeptidase (γ-GTP) activity on days 14 (A) and 21 (B) of treatment. ^\*^Significantly different from normal (Nor) control (*P*\<0.05).](lar-31-24-g004){#F4}

![Effects of Minoxidil (MXD, 3%), or *Laminaria japonica* extract (LJE) and/or *Cistanche tubulosa* extract (CTE) (in mg/kg) on alkaline phosphatase (ALP) activity on days 14 (A) and 21 (B) of treatment. ^\*^Significantly different from normal (Nor) control (*P*\<0.05).](lar-31-24-g005){#F5}

![Effects of Minoxidil (MXD, 3%), or *Laminaria japonica* extract (LJE) and/or *Cistanche tubulosa* extract (CTE) (in mg/kg) on epidermal growth factor (EGF) content on days 14 (A) and 21 (B) of treatment. ^\*^Significantly different from normal (Nor) control (*P*\<0.05).](lar-31-24-g006){#F6}

![Effects of Minoxidil (MXD, 3%), or *Laminaria japonica* extract (LJE) and/or *Cistanche tubulosa* extract (CTE) (in mg/kg) on vascular endothelial growth factor (VEGF) content on days 14 (A) and 21 (B) of treatment. ^\*^Significantly different from normal (Nor) control (*P*\<0.05).](lar-31-24-g007){#F7}

###### Effects of *Laminaria japonica* extract (LJE) and/or *Cistanche tubulosa* extract (CTE) on the carrageenan-induced exudate volume, inflammatory cell infiltration (cells/µL), and inflammatory mediators in mouse air pouches
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^\*^Significantly different from normal control (*P*\<0.05). ^\#^Significantly different from carrageenan alone (*P*\<0.05).
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